Evidence for Strong-coupling S-wscve Superconductivity in MgB2 :^^B NMR Study 
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We have investigated a gap structure in a newly-discovered superconductor, MgB2 through the 
measurement of ^^B nuclear spin-lattice relaxation rate, ^^(l/Ti). ^^(1/Ti) is proportional to the 
temperature (T) in the normal state, and decreases exponentially in the superconducting (SC) state, 
revealing a tiny coherence peak just below Tc- The T dependence of l/Ti in the SC state can be 
accounted for by an s-wave SC model with a large gap size of 2A/fcflrc ^ 5 which suggests to be in 
a strong-coupling regime. 
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PACS numbers: 74.25.-q, 74.72.-b, 76.60.-k, 76.60.Es 



Quite recently, Akimitsu and co-workers have discov- 
ered a new superconducting (SC) material MgB2 that 
reveals a remarkably high SC transition temperature of 
Tc ~ 40 K ||l|. MgB2 crystalhzes in the hexagonal AIB2- 
type structure, consisting of alternating hexagonal layers 
of Mg atoms and graphite- like layers of B atoms. The dis- 
covery of superconductivity with a relatively high value 
of Tc in this compound gives a new impact in the solid 
state physics, since it may give other possibility for find- 
ing the high-Tc superconductivity in some binary inter- 
metallic compounds besides cuprates and Cgo-based com- 
pounds. It may be promising to discover new compounds 
with a high- Tc value exceeding the liq.-N2 temperature 
other than cuprates. Soon after the discovery, Bud'ko 
and co-workers reported that Tc increases from 39.2 K 
for Mg"B2 to 40.2 K for Mgi°B2, giving a clear indi- 
cation that electron-phonon interactions are playing an 
important role [||. However, the observed high value 
of this compound seems to be either beyond or at a lim- 
itation for the phonon-mediated superconductivity that 
was predicted theoretically several decade ago[||. There- 
fore we speculate on that a new exotic mechanism might 
be possible for the occurrence of the high-Tc supercon- 
ductivity in MgB2. In order to gain an insight into a 
possible mechanism, it is quite important to understand 
its pairing symmetry and a SC-gap structure. 

In this letter, we report -'^^B-NMR study that has shed 
light on the above issues. Spin-lattice relaxation rate 
(1/Ti) of ^^B has been measured in a temperature (T) 
range of 15 - 260 K. We have found a rir=constant 
behavior in the normal state, and an exponential decrease 
of 1 /Ti that was accompanied with a tiny coherence peak 
in the SC state. From the T dependence of 1/Ti in the 
SC state that is consistent with an s-wave model with a 
larger isotropic gap of 21^/kBTc ^ 5 than the BCS value 
of 3.5, the superconductivity in MgB2 is concluded to be 
in a strong coupling regime and suggested to be mediated 
by strong-electron phonon interactions. 

A polycrystalline sample of MgB2 was prepared as in 
reference Q]. Electric resistivity and DC magnetization 
show the SC transition at 39 K. The bulk sample with- 



out powdering has been used for NMR measurements to 
avoid some crystal defects if any. Ti was measured by 
monitoring the nuclear magnetization after a saturation 
rf-pulse under an external field H =13.5 kOe at a fre- 
quency /=18.5 MHz in the normal state and i/=44.2 kOe 
at /=60.4 MHz in the SC state. Tc=29 K under H=A4.2 
kOe was determined from an ac-susceptibility that was 
measured using an "in-situ" NMR coil, as shown in an 
inset of Fig.l. The result is in good agreement with the 
references reported recently H, g|. 

^^B-NMR spectrum has a simple shape with a full 
width at the half maximum of ^ 10 Oe. Its resonance 
peak docs not show any T dependence in the normal 
state within an experimental error of 2 Oe. Ti measured 
at the peak in spectrum was determined by fitting the 
relaxation function of the nuclear magnetization m{t) to 
the following theoretical two-exponential form,[0 
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Here M[t) is the nuclear magnetization at time t after 
saturation pulses. From good fits to this formula, Ti was 
precisely determined over a measured T range, although 
a short component of Ti appears at low temperatures 
below 20 K, associated with the presence of vortex cores 
in the mixed state. 

Figure 1 shows the T dependence of 1/Ti in the T 
range of 15 - 260 K. In the normal state, l/Ti obeys a 
TiT=constant relation with TiT = 1.8x10^ (s- K) down 
to Tc- In the SC state, we have found a tiny coherence 
peak in 1/Ti just below Tc, followed by an exponential 
decrease of 1/Ti. 

In general, 1 /Ti in the SC state is related to the density 
of states (DOS) in the SC state, Ns{E) as follow, 

1 1"°° 

-^j^ {N.,{Ef + M{Ef)f{E){l-f{E))dE (2) 

where M{E) and f{E) are the so-called "anomalous" 
DOS arising from the coherence effect of scattering inher- 
ent to a spin-singlet SC state and the Fermi-distribution 
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function, respectively Note M{E) =0 in the case 
of spin-triplet pairing state. The T dependence of 1/Ti 
is calculated by using a typical s-wave model where a 
phenomenological energy broadening function in Ns{E) 
is assumed to be of a rectangle type with a width 26 
and a height 1/26 as presented by Hebel A calcu- 
lation is shown by a solid curve in Fig.l. The T de- 
pendence of 1/Ti except just below Tc can be well re- 
produced by the calculation that assumes the SC gap 
size of 2A/fcBTc ~ 5 and <5/A(0) ~ 1/3. It should be 
noted that the T dependence of 1/Ti cannot be repro- 
duced by a model of the spin-triplet Balian-Werthamer 
(BW) state with an isotropic gap|I^, therefore the spin- 
triplet state should be ruled out. Remarkable findings 
of the tiny coherence peak in l/Ti just below Tc that is 
followed by the exponential decrease below 0.8 Tc pro- 
vide convincing evidence for the spin-singlet s-wave pair- 
ing realized in MgB2. The SC-gap value larger than the 
weak-coupling BCS value suggests that the superconduc- 
tivity in MgB2 is in a strong coupling regime. The strong 
electron-phonon coupling may give rise to some intense 
lifetime broadening of quasiparticles just below Tc, sup- 
pressing the coherence peak more substantially than a 
behavior expected from the calculation. The T depen- 
dence of 1 /Ti in the SC state of MgB2 is quite similar to 
that in Chcvrel-phase compound TlMogSer.s with Tc = 
12.2 K Therefore we conclude that the superconduc- 
tivity in MgB2 is of a strong-coupling s-wave type with 
the larger value 2A/kBTc ~ 5 than the weak coupling 
BCS one. 

Present results of l/Ti in MgB2 are in quite contrast 
with that in cuprates such as Lai.85Sro.i5Cu04 that re- 
veals a comparable Tc value of 38 K The l/TiT 
in the cuprates shows a Curie- Weiss behavior in the nor- 



mal state, which evidences that the superconductivity ap- 
pears on the verge of the antiferromagnetism. 1 /Ti in the 
SC state decreases sharply without the coherence peak 
just below Tc, followed by a T^ dependence far below Tc- 
This evidences that the symmetry of the Cooper pairs is 
of a d-wave type with a line-node gap. Various experi- 
ments that were reported so far tell us that the Cooper 
pairs are presumably mediated via magnetic interactions 
other than electron-phonon interactions. On the other 
hand, the T dependence of 1/Ti in MgB2 shows that 
magnetic correlations are absent in the normal state and 
that the SC state is characterized by the large isotropic 
gap that is consistent with the strong coupling s-wave 
superconductor. In this context, it is natural to consider 
that the mechanism of the superconductivity in MgB2 
is quite different from in cuprates. Rather the electron- 
phonon interactions may play an important role. We 
suggest that the high value of Tc in MgB2 may be due 
to the strong electron-phonon coupling via some phonon 
modes inherent to a light element of boron. 

In conclusion, we report that the l/Ti of ^^B decreases 
exponentially in the SC state, revealing a tiny coherence 
peak just below Tc- The T dependence of 1/Ti in the SC 
state can be accounted for by a spin-singlet s-wave model 
where 2/S. /ksTc 5 is substantially larger than the weak 
coupling BCS value of 3.5. It is suggested that the strong 
electron-phonon interaction may play an important role 
for the high temperature superconductivity in MgB2. 
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FIG. 1: r dependence of "(l/Ti) in MgB2. Closed and 
open circles correspond to l/Ti measured in the external 
field of 44.2 kOe and 18.5 kOe, respectively. A solid curve 
in the SC state shows the calculation using the typical s-wave 
model (see text)[^. The inset shows T dependence of ac- 
susceptibility in 44.2 kOe measured by an in-sttu NMR coil. 
The arrows show an onset of the superconductivity under 44.2 
kOe. 
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Fig. 1 : Kotegawa etaL 



